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Tevatron Results - Outline

Part I;
QCD
Top quark physics
Searches for new physics

Part 11
Higgs
Electroweak physics
B physics
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Objective of Elementary Particle Physics

“So that | may percelve what ever hol ds
the world together 1nits Iinnost folds.”

Goet he, Faust

= from the smallest dimensions in microcosm
to the largest dimensions in the universe
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Big Bang in the Lab?
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The Tevatron at FERMILAB: pp Collisions

Main InjectoF
_ & Recycler

P BT"‘/ "‘*]TA' E

Js =1.96 TeV
At = 396 ns

Run | 1987 (92)-95
Run 11 2001-11: 100x larger dataset

at increased energy 10—125 after big bang!

g i THE ROYAL
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Tevatron Integrated Luminosity
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Tevatron Instantaneous Luminosity

Collider Run Il Peak Luminosity
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> peak luminosity of 4.0-10%*? cm™2 s
* took many years to achieve this!
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protons -
ﬂ

Muon Scintillators
[—

Muon Chambers

Shielding

antiprotons
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The D@ Experiment

i ] Muon Scintillators -
h -

5 — Muon Chambers

_ \
——

Calorimete
"
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The D@ Experiment

Missing transverse energy
(experimental signature
of a non-interacting particle)

| .
5 — Muon Chambers : l
u x =2
P
B | / T
. - -— m =3
u : - " W
Shielding —
| Calorimet
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The CDF and

E f"/ d
e e e e ==e
§ i s
Calorimeter “ I\
_e———————7
s
] i b/
#

> basic detector operates since 1985:

= central calorimeter
- central muon chambers

* major upgrades for Run Il:
- new bigger silicon,
- new drift chamber, TOF
- upgraded calorimeter (forward) and muon
system
- upgraded DAQ/trigger
- displaced track trigger

* retained from Run I
- excellent muon coverage
- compact high granularity Lar calorimeter

> new for Run Il
- new silicon and fibre tracker
- new ~2 T solenoid
- upgraded muon system
- upgraded (track) trigger/DAQ

YR  08/20/2010
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What is a Cross Section?

> differential cross section: do/dQ:

— probability of a scattered particle in a given quantum
state per solid angle dQ

- e.g. Rutherford scattering experiment

- other differential cross sections: do/dE_(jet)
- probability of a jet with given E_

* integrated cross section: o= f do/dQ dQ

Measurement: | 0= (N

obs

Ny (L

Luminosity

CAJY YN

Tevatron Results, Part |

- Christian Schwanenberger -

HCPSS v . )., Fermilab )y




Cross Section in Hadron Hadron Scattering

* cross section is convolution of pdf's and matrix element

Ph}’f’lcal CRURG Parton distribution function o
section Renormalization scale ug

\ i

o(P1, ) = Z ] dridxo fi(x1,pr)fi(xe.up) ﬁg (P12, 08(UR ].QE.]{IH..{.IF‘.}.
1.

Short distance cross

Factorization scale ug section, calculated as
d perturbatmn sSeries

m g

* calculations are done in perturbative QCD:

- possible due to factorization of hard ME and pdf
(can be treated independently)

- strong coupling «_is relatively large
higher orders needed, complicated calculations

— measure to test underlying theory
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Cross Sections at the Tevatron

e

E Total inelastic
L 2
= 10
3 - mb
&; -
: 10 bb L
O , .6
10" Fub
10° L 6,000
u nb Z 6{]ﬂ
10" : .
q | °trigger filters out
16120 | ° Interesting
:-Eb~.~_ sIngic op processes
T g : - makes a fast
- b PRI decision of wether
10'® to keep an event
1000 120 140 160 180 200 at all for analysis

Higgs mass (GeV)/c
- crucial at hadron
colliders
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Cross Sections at the Tevatron

e

E Total inelastic
% P - mb
3 i
gl*:] bb 1.107
jets = 10° b
tests of 168 w 6.000
QCD b 7 600
1610
i , . top quark
I{FIE:.EE__ single top ! thSICS
\/ 161 +
Higgs (ZH + WH) .
B new physics?
1096020 140 160 180 200

Higgs mass (GeV)/c
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Cross Sections at the Tevatron

I

E Total inelastic -
-0 GD
-]
= P - mb
7 e
%w bb 1-10’
= g - -
jets 16° + b
tests of 168 \\Y) —_
QCD - ND 7 600
161
tt 2
12l
ol = . . single top 1
v 16" .
Higgs (ZH + WH)
- fb
16°
100 120 140 160 180 200

Higgs mass (GeV)/c
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Jet Cross Sections

> inclusive jet processes: qq, q9, 99

partonic subprocesses for
central inclusive jet cross section

fractional contribution

200 400 600

> tests perturbative QCD at highest energies
- highest E_ probes shortest distances

- Tevatron: r < 107 m

- could e.g. reveal substructure of quarks

08/20/2010 Tevatron Results, Part | - Christian Schwanenberger - HCPSS 2010, Fermilab 17




High Mass Dijet Event: M=1.4 TeV

CDF Run I Preliminary

Jet Et1l = 666 GeV (corr)
583 GeV (raw)

etal = 0,31 (detector)
0.43 (corr z)

Jet Et2 = 633 GeV (corr)
546 GeV (raw)

eta2 = =0,30 (detector)
=0.19 (corr z)

Run 152507
Event 1222318

DiJet Mass = 1364 GeV (corr)

z vertex = =25 cm
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Jet Cross Sections

> 10" DG Run i o |yl<0.4 (x32)

S 10° o 0.4<|y|<0.8 (x16)
8.5 = 0.8<|y|<1.2 (x8)
= 10 o 1.2<|y|<1.6 (x4)
o-10° 2 1.6<|y|<2.0 (x2)
% 10° A 2.0<|y|<2.4

o 107

\Is = 1.96 TeV
10" L=0.70fb"
10” Reone = 0.7
10°e — NLO pQCD
10-4 +non-perturbative corrections
10° CTEQ6.5M ho=H_=P,

1.1<|y|<1.6 10-6 1 oo | 1 I 1 I 1
— 50 60 100 200 300 400 600

P, (GeV)

=

A

S

—
Data / Theory]

> excellent agreement with

e orders of magnitude!

0 50 100 150 200 250 300 3:):{ET4F;9V4!52) 5 no excess at high ET

—=—— CDF Data (1.13 o) / NLO

T e - no hint for quark substructure

[ ] Systematic uncertainty
I Including hadronization and UE

g\ 3.-5i 12 E‘ nia |.2-‘_,_'_,_‘l_‘ ‘ I I I I I I

3k 2 it -

£ mar £ Jee e QCD calculation over 9
— 2 a 2 -

1 1 1 1 1 |
0 100 200 300 400 500 600 700 . .
Midpoint: R=0.7, f =0.75
piET (GE\”C) p merge
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Jet Cross Sections

> 10'E D@ Run i o lyl<0.4 (x32)

G 40 o 0.4<|y|<0.8 (x16)
8.5 = 0.8<|y|<1.2 (x8)
= 10 o 1.2<|y|<1.6 (x4)
Q_|—10 A 1.6<|y|<2.0 (x2)
% 10° A 2.0<ly|<2.4

o 107

\s = 1.96 TeV

10'E L=0.70 b
102 Regpe = 0.7
10°e — NLO pQCD

10-4 +non-perturbative corrections

10° CTEQ6.5M ho=H_=P,

1.1<|y|<1.6 10-6 1 oo | 1 I 1 I 1
— 50 60 100 200 300 400 600

P (GeV)

=

A

S

—
Data / Theory]

> excellent agreement with

T orders of magnitude!

g\ 3.-5i 12 E‘ nia |.2-‘_,_'_,_‘l_‘ ‘ I I I I I I

3k 2 it -

£ mar £ Jee e QCD calculation over 9
— 2 a 2 -

A
L 1 L L L L 1 L 1 1
— = = = 0 50 100 150 200 250 300 39, 400 450

<=+ no excess at high E_
CDF Data (1.13 fb™) / NLO
- no hint for quark substructure

— PDF Uncertainty
~ MRST 2004 / CTEQ6.1M

- large pdf uncertainties can be

constrained by this data

l:l Systematic uncertainty
08/20/2010 Tevatron Results, Part | - Christian Schwanenberger - HCPSS 2010, Fermilab 20

I Including hadronization and UE

1 1 1 1 1 |
0 100 200 300 400 500 600 700 . .
Midpoint: R=0.7, f =0.75
piET (GE\”C) p merge




Strong Coupling Constant

ly|<0.4 (x32)
0.4<|y|<0.8 (x16)
0.8<|y|<1.2 (x8)
1.2<|y|<1.6 (x4)
1.6<|y|<2.0 (x2)
2.0<|y|<2.4

> 10°F D@ Run ||

L » OB O @

TE (5 =1.96 TeV
10"F L =0.70 fb"
102% Hcone =0.7
10°F — NLO pQCD

104 - +non-perturbative corrections

- o,(pr) from inclusive jet cross section 10°F CTEQ6.5M p_=p_=p,
i in hadron-induced processes 10.525.0 o -“ImH B A
02 __ O H1 p.r (GGV)
T f .o | ° minimize correlations between data and
= 015 A pdf's by restricting analysis to kinematic
- DO regions where Tevatron data do not
0.1 [ B2 a My)=0.1161 *2004 dominate the pdf determination
[, (Ddcombinedfi) — keep 21 data points
; 0.14 - A L,H \ )
— 0.12 & — Al ] L1l
» B T I BAARAAA +0.0041
6 0-1 __ 1 | I | | | I = +
l - [0(5 (M) =0.1161_ ] +4%
10 10
P (GeV)
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Cross Sections at the Tevatron

I

£ Total inelastic
2 10
-g -4 -mb i
g 10 bb 1.107
“10° L ub
W
168 6,000
— 7 600
l{fm
¥ ,  top quark
mlzr_llil__ single top ! thSICS
10" Higgs (ZH + WH)
iggs (ZH +
m"ﬁhfb
100 120 140 160 180 200

Higgs mass (GeV)/c
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The Top Quark

> needed as isospin partner of
bottom quark

uo > discovered in 1995 by CDF and D@:
op ™ gold atom

> large coupling to Higgs boson ~ 1:
important role in electroweak
symmetry breaking?

» short lifetime: T~ 5 10 %s < A‘1QC :

D
decays before fragmenting
— observe “naked” quark
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Top History

- PRL 74, 2632 (1995)
d|scovery‘ PRL 74, 2626 (1995)

|
i? events DG

Events/(20 GeV/c?)

100 200
Fitted Mass (GeV/c?)

| I
_19 events CDF

Events/(10 GeV/c?)

—
q b =

I":----'.--r.-'!:l'-'rl-l

0 .
80 120 160 200 240 280
Reconstructed Mass (GeV/c?)

1995, CDF and D@
experiments, Fermilab
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Top History

- PRL 74, 2632 (1995)
d|scovery‘ PRL 74, 2626 (1995)

6 T
i? events DG ‘ tOd ay ‘
)
8 1
g ~1000 events
Z, |
g I\’Itreco
E 250 f_ _ff ;:: : Preliminary (4.8 fb™)
W 8§
0 lﬁb 200 = 2 200:— - bkgd+ttop25 M, = 172.5 GeV/¢?
Fitted Mass (GeV/c?) gmf_ - s
] ! I | T E b
19 events 100 .
< 4F CDF _ : 1+4 jets
> S0 > 1 b-tag
6 3F = C L .
g 300 350
7 2 a Mass (GeV/c)
2
1} N — - N

0 .
80 120 160 200 240 280
Reconstructed Mass (GeV/c?)

1995, CDF and D@
experiments, Fermilab
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Top History

PRL 74, 2632 (1995)

discovery| P 72 2625 (1095) precision

6
6 I o L Top Quark Mass Uncertainty
TS
i? eve ntS D@ ‘ tOd ay ‘ % B 4 I+jets D@ measurement
e% g 5,_ 4 Combined D@ measurement
; a N -E‘ B 4  Tevatron combination
(3 'g 4; Projected future uncertainty range
S ~1000 events g |
S 5 f Tevatron
5 2 1 Mt 87
5 reco = N
“f; N CDF Run Il Preliminary (4.8 fb") -E =
; 250_— D © 2—
® C —e— Data =1 I . N .
0 At — O r G : LA MIM“'“/D
100 200 g 200( - bkgd+ttop25 M, = 172.5 GeV/t? E‘ 3 R e SO
Fitted Mass  (GeV/c?) §150: B o T [ runt AM <1 GeVic?
2 - o | “
5 I I [ | E E l-o_ ! Lo ! Lol T1\6fb|
19 events 100~ : 10° 1 10
4l CDF | ¥ 1+4 jets Integrated Luminosity (fb™)
=5 C
S 501 > 1 b-tag
6 3 B o : | L
= 300 350
3 > _ Mass (GeV/c")
)
i . -
B CP L )
I N Ir' LI |’ i

0 .
80 120 160 200 240 280
Reconstructed Mass (GeV/c?)

1995, CDF and D@
experiments, Fermilab
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Top History

PRL 74, 2632 (1995)

discovery| P 72 2625 (1095) precision

6
6 I o L Top Quark Mass Uncertainty
5 -
i? eve ntS D@ ‘ tOd ay ‘ % B 4 I+jets D@ measurement
é{; g 5,_ 4 Combined D@ measurement
; a N -E‘ B 4  Tevatron combination
6 'g 4; Projected future uncertainty range
2 ~1000 events g |
S 5 Tevatron
5 2 1 Mt 87
FE reco = N
“f; N CDF Run Il Preliminary (4.8 fb") -E =
; 250_— D © 2—
® C —e— Data =1 I . N .
ot ] O [ o LA M/M<1%
100 500 g 200 - bkgd+ttop25 M, = 172.5 GeV/t? E‘ 1 N v SO
Fitted Mass (GeV/c?) §1so: o T | runt A M <1 GeVic?
2 - o [ 1
5 I I [ | E C l-o_ 1 Lo ! Lol T1\6fb|
19 events 100~ : 10 1 10
L CDF | u + Integrated Luminosity (fb™)
~ 4 Jets
=5 C
N 50— > 1 b-tag
> C
o 3r N C .
= 300 350
7 2 a Mass (GeV/c)
:
1 — 5., qh =
I I"r. "‘lll’.l

0 a1l
80 120 160 200 240 280
Reconstructed Mass (GeV/c?)

1995, CDF and D@
experiments, Fermilab
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Events/(10 GeV/c?)

Events/(20 GeV/c?)

discovery |

i? events |

DY

200
Fitted Mass (GeV/c?)

| I
_19 events CDF

—
=

'- | i I “‘I"r. "‘lll’.l
120 160 200 240
Reconstructed Mass (GeV/c?)

1995, CDF and D@
experiments, Fermilab

0
80 280

Entries/(10.0 GeV/c?)

Top History

PRL 74, 2632 (1995)
PRL 74, 2626 (1995)

‘ today ‘

~1000 events

Mtreco

CDF Run Il Preliminary (4.8 fb")
—e— Data

- bkgd+ttop25 M, = 172.5 GeV/t?

-

Total Top Quark Mass Uncertainty (GeV/c?)

1+4 jets
> 1 b-tag

precision

Top Quark Mass Uncertainty

4 I+jets D& measurement
4 Combined D@ measurement
4  Tevatron combination
Projected future uncertainty range

& Tevatron
2

A N L'A M/M<1%
= e T

" | Run 1 A M <1 GeVic?

C | | T16 fbo™
o | | I I I | | I I | |
10" 1 10

Integrated Luminosity (fb™

o | |
300 :350
Mass (GeV/c")

LHC:
top factory
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Top Quark Analyses at the Tevatron

analyses with up to 5.6 fb™! of data:

several thousands top candidate events per experiment
top pair production
I U

q

' anomalous couplings

rare decays
\f branching ratios
CKM-Matrix-Element |V, |

‘b\\W' new particles
)

spin correlations
charge asymmetry
A

FB

mass, charge,
width, lifetime

production cross-section

.“*--.
production kinematics q'
production through resonances b

new particles qr searches
single top production - for new
g P D observation by CDF and D@! particles
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Top Quark Analyses at the Tevatron

analyses with up to 5 fb™' of data:
several thousand top candidate events per experiment

ir pr ] .
I- v

q

' anomalous couplings

rare decays
\f branching ratios
CKM-Matrix-Element |V, |

‘b\\W' new particles
)

spin correlations
charge asymmetry
A

FB

mass, charge,
width, lifetime

production cross-section

.“*--.
production kinematics qQ'v
production through resonances H

new particles qr searches
. . for new
ingl r ion observation by CDF and D@! particles
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Top Quark Pair Production

85%

q T

g t g t g t
t:i:i::z:il:::::::: _% j:::i::i:i1:><::::: 1_:z::;)'.!Jl.‘ll-gtp“cl.‘<:’:ﬁ' ]LE;S‘;
g tg tg t

PRD 78, 034003 (2008)

O = 7.46 067 pb in NNLOapprox

(m_ = 172.5 GeV)

+0.48
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Top Pair Signatures

TS
14%

tt decay modes

all jet
46%

lepton + jets

| u?j |
wt e/n + jet
dilepton (e/p) 34%

6%
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Lepton+jets Signatures

3000 times higher rate | P2ckground

q g <q
q

| | AR

/ Ll*

LD
o

>
0l
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Lepton+]Jets Topological Cross Section

measure if production rateis as predicted by NLO QCD

- kinematic properties allow E D@ preliminary, L=4.3 fb"
separation between signal and = .
background ol top pair

use variables such as: a

" W+

energy-dependent quantities:

* e.g. Transverse mass of leptonic top

angular dependent: M (Gev)

* e.g. sphericity )

— § D@ preliminary, L=4.3 fb"

‘ Boosted Decision 2 1ol .

Trees 120 top pair

L

=
=

.

FggP -
W+jets’
F/\P F P 201
01 02 03 04 05 06 07 08 0.9 1
3] B sphericity
Wl THE ROYAL
I¥ SOCIETY
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Lepton+]Jets Topological Cross Section

" '
c 450 - 1
. DJ Preliminary, L=4.3 fb
] o dam ’ top
1 M top pair

07 Ml other pair

3004 [ Wijets

Wi 2504 I multijets
+jets 200

150
100

50

0.4 0.5 0.6 0.7 0.8 0.9 1

multijets Discriminant Output

[o =7.70"7 (stat+syst+lumi) pb ]
=172.5 GeV t

m _0.79

top
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b-tagging

> B hadron lifetime v ~ 1 ps
> B hadron travel ny ~ 3 mm before decay

SVT[SVX

Secondary vitx

Frimary vix

displaced track

b-jet Efficiency (%)
&8 8 3 3 3 8

N
()

IIo

- .
Ra
— 0,
[ .
- o*

-

.
o
Rl
o
o*
* I

—+" 1 p_d30Gev, Iyl <1.1

4 p, 115 Gev, <25

10"

1 10
Fake Rate (%)

* form a 7-variable neural network
> event tagging efficiency 59%
(with fake rate of 1%)
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Lepton+]Jets Cross Section with b-tagging

w very powerful tool to reduce the background

—_
oy
(=}
(=}

= D@ Preliminary, 4.3 fb'

a

c

2

Q

51200 B top
2 L
- B other pair
= U Wijets

W+jets  w

\ 600

400

I Muttijet

!
multijets : 1 e b
M, = 172.5GeV -, limited by systematics
B +1.04 : > luminosity dominates at ~6%
[Gu = 7.93_ , (stat+syst+lumi) pb ].. b-tagging second largest
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Top Pair Production Cross Section

> measure tt/Z+jets cross section and trade luminosity
uncertainty for theory uncertainty for Z+jets production

] 0=(Nobs'Nbg)/ (EL)\\\

Luminosity

antiproton

_ Gz(Nubs'Nbg)/ (ELL\

Luminosity

antiproton ™
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Cross Section Ratios

> measure tt/Z+jets cross section and trade luminosity
uncertainty for theory uncertainty for Z+jets production

0=(N yps~Np,)/(EL)-

antiproton

mno

0=(N yps-Np,)/(EL)-

antiproton
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Top Pair Production Cross Section

tt/Z+jets cross section ratio

topological information (NN) b-tagging
Phys.Rev.Lett.105:012001,2010

Nj,ets >3 CDF Il Preliminary 4.6 o' |
B data (7348 evts)

B tor

N w+jets

B aco

&

=
3 500

800

Events

\ tops

B single Top
& & Bw-ur
PBwsLF
.Non-w
Pz+iets

Di-boson

-+

0 01 02 03 04 05 06 07 08 09 1

NN output 1 Jet 2 Jets 3 Jets 4 Jets =5 Jets
o.= 7.82 + 0.38 (stat) + 0.37 (syst) o= 7.32 = 0.36 (stat) + 0.59 (syst)
+ 0.15 (Z theory) pb + 0.14 (Z theory) pb

m = 172.5 GeV -+ 7% m = 172.5 GeV -+ 10%

to be compared to Tevatron goal of £10%...
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July 2010

I+jets (topological)* Pprivate extrapolation

va trapol
from 172.5 GeV

4.3 ™"

i * te extrapolati
— B I+jets (b-tagged)® vy e

4.3 fp™

I+jets, dilepton, t+lepton (PRD)

1.0fb™"

dilepton (topological)*
5.3 fo"

I+track (b-tagged)*
1.0 ™"

tau+lepton (b-tagged)
2.2

tau+jets (b-tagged)*
0.4 fo™

alljets (b-tagged, PRD)
1.0 b~

My, = 175 GeV
CTEQ6.6M

B M. Cacciari efal., J
[ N. Kidonakis and R

+0.33 +0.51 +0.49
7.25 7533 J039-043 PP

+0.30 +0.89 +0.54
7.93 250 Z0.77-047Pb

+0.46 +0.66 +0.54
7.84 2545 054046 PP

+0.52 +0.85 +0.65
8.23 -0.51-0.80-0.57 b

5.0 :1-2 :g:g 103 pb

7.32 +1.34 +1.20

124 1,06 045 Pb

5.1 :g-g jo-;’,' +03 pb

6.9 13 *14 104 pb

(stat) (syst) (lumi)

HEP 0809, 127 (2008)
Vogt, PRD 78, 074005 (2008)
2r, PRD 78, 034003 (2008)

vy

I Cacciari et al., arXiv:0804.2800 (2008)
Kidonakis & Vogt, arXiv:0805.3844 (2008)
[ Langenfeld, Moch & Uwer, arXiv:0906.5273 (2009)

Dilepton
(L=4.3fb")

Lepton+Jets (ANN)
(L=4.6 fb")

Lepton+Jets (SVX) (st

(L=4.31b")

All-hadronic

(L=2.9fb")

CDF combined
v2/DOF= 0.60

7.27+0.71-0.46+0.42

(stat) (syst) (lumi)
7.6310.37+0.35+0.15
7.1410.35+0.58+0.14

7.21:0.50+1.10+0.42

7.5040.31-0.34+0.15
m=172.5 GeV/c’

0

o (pp —> tf + X) [pb]
all channels measured except forT, . T, .

12

5 6

o(pp — tt)

9 10

combination: 6% !

—> good agreement with SM in all channels
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The Top Quark Mass

 free parameter in the Standard Model

» check the self-consistency of the Standard Model
in combination with W mass measurement

> prediction on Higgs mass

E W)Z /// \\\ W)Z
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Extraction Techniques: template

> use variables strongly correlated with m,
» compare data to MC with different m, hypotheses

all hadronic

y
o

tt m™ templates, > 2 tags events {AJES = 0.0)

B M., = 160

{g Ge\fs_}b
>

0.14 M, = 170
M,,, = 180
My, = 190

“
-

—__Pm™|M_AJES)
t top

Fraction gf Events/
X

0.08
0.06
0.04
0.02
0 | | | | | | | | | | | | I T ! 4 L ] |
100 150 200 260 300
M (GeV)
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Extraction Techniques: template

> use variables strongly correlated with m,
» compare data to MC with different m, hypotheses

CDF Run Il Preliminary (2.9 ib™) all hadronic

22 tags eventsm. "

—— Data
- Fitted #

" Fitted Bkg

Events{5.0 Gel)
3
I

]
R

¥2Ndof =202 /22
Prob = D569

10

100 150 200 250 300
mie {GeV)
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Extraction techniques: matrix element

- probability densities for every event as function of m__

signal signal signal background experiment
Psig Psig ﬂ Psig Pbk(_:J Pevt
LN XA X A )=/
m m m m m
top top top top top
P gl JES)= Acd x)x— [ d"g (y i) dg, da, FRGINANGN W5 IES)
b_Jet
Proton - Lepton
By
_ Lepton
Antlprotcix Pr
b Jet

transfer functions
(probability to measure x
when y was produced)

PDF's LO-Matrix element
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Lepton+]Jets Channel

translate jet into parton energy

HAD

EM Calorimeter jet

Particle jet

gl

W mass
constrains jet
energy scale
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Results in |+jets Channel

maximum Likelihood fit to data:

CDF Run Il Preliminary 5.6 fb"

jet energy scale: ¢ r
. . — ﬂB:f
translate jet into oo
parton energy < b
04
u.zf—
o

020 —A(InL)=-05

sk — AN L)=-20

- — A(nL)=-45

0.6 — ! I

e sy oy ey ey by
170 1m 172 173 174 175

2
: 56 fb- : m, (GeV/c’)

[mtop = 173.0 = 0.7 (stat) £ 0.6 (JES) £ 0.9 (syst) GeVJ

= 173.0 = 1.2 GeV

+0.7%
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Tevatron Combination: July 2010

Mass of the Top Quark

July 2010 (* preliminary)
CDF-ldilepton 167.4 +11.40105+ 49)
D@-| dilepton ¢ 168.4 +12.8(x123+38)
CDFIl dilepton * 170.6+3.8 122:01)
DO-Il dilepton * T 1747+38usesza
CDF-I lepton-+jets ° 1761+ 7.4 151453
D@-| lepton+jets '_._._780.1 +5.3 (x39:36)
CDF-Il lepton+jets * | | 173.0+1.3 o711
DO-Il lepton+iets * [ B 1737+ 1.8 o816
CDF-I alljets 156.0 +11.5(x100£57)
CDF-Il alljets R 1748425 (1 17:19)
CDF-Il track T 1753469 wsesa0
Tevatron combination * | 173.3+1.1 zo06:09)

(+ stat + sysf)

¥2/dof = 6.1/10 (81%)

ar Xiv: 1007. 3178

m =173.3 + 1.1 GeV | +0.6%

top

150 160 170 180 190 200
My, (GeV/c?)

July 2010
I

1 —LEP2 and Tevatron (prel.)
80.5 - LEP1 and SLD

68% CL

-
-
-
-
e
e
"‘-
-
.
-
-
>

-
am®
-------

Aa

14 300 I1 00

150 175 200
m, [GeV]

theory & experiment: uniform treatment of systematics
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Single Top Quark Production

PRD 74, 114012 (2006)

s-ghanngl: o, = 1.04 = 0.04 pb

NNNLO , m
approx

q

q

W+

to

th b

-channel: ©. = 2:26 + 0.12 pb

NNNLO , m
approx

to

q ©°jets

b

5 *> b-jets

o = 172.5 GeV

¢ ° lepton

VvV * missing E;

b = 172.5 GeV

VCKIVI —

Muon

Neutrino

direct measurement of |V_|

(Vud Vus Vub \
Vcd Vcs Vcb

' b Jet

08/20/2010
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It has been challenging for years...

= | 4 9 i
E Total inelastic \ 5
S 2
,E 10
-g 10‘4 -mb i
7 bb 1-107
5 -6
“10° | ub
w
IU-E 6,000
600
ﬁm—nb 7
1 /
tt
o . @D
10 Fpb single top I
16" : q :
Higgs (ZH + WH) \ N v
k W
10" ®
1000 120 140 160 180 200 "
Higgs mass (GeV)/c HO D

q' .
—> multivariate analysis techniques b
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El'k

Multivariate Analyses

Boosted Decision Boosted Matrix Elements

Trees Neural Networks

LA i

<

Fﬁp
]

=

L
Nodes
Input
F P _.
,.I,/p/f
7=
4 utput
7= Node
& =y
— £ E
N

combine up to 12 different analysis channels:

400

200

40

20

8 0

D@ Single Top 2.3 fb"
©
© Data ¢ W+jets Il
> N th+tqgb I tt
£ 600 on background N Multijets W
S
L /

SF'gnaI Region

85 09 095

0 0.2

04
Discriminant Output

0.6

0.8

1

single
top
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Multivariate Analyses

Boosted Decision Neural Networks Matrix Elements Likelihood
Trees
™ e ff-'ia}-'-'
L y VYW ik = —p——
N A o Zm:l fijim
d
W) )] T
300D [1:29 pik
d ) "C’({("}) — 5 Niiar '
/ ’ S B e
mbin ifferent analysis channels:
single top s |- +jets selection :
recover badly reconstructed e, y; include T
o @ 200 - ; ;
[ [
2 10* 10 2 CDF Run Il Preliminary, L = 3.2 b
4 " 50} - Single Top
- W+HF
100 } -
tt
sol QCD+Mistag
- Cther
0 02 04 08 08 1 % 05 0 05 1 *— Data
Super Discriminant MJ Discriminant
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Single Top Observation

W + 2 Jets, 1 b Tag, NN' Discriminant = 0.4
D@ 2.3 fb” 2 1 .
E : + single :
Ranked 1 .
Combination g 30- - top 2
Output > 0.92 o : / g
2 20 3
S | 2
10} 5
0 ot 100 200 300 400
100 200 300 M [GE\M‘.:;]
Top Quark Mass [GeV] v
W+
Single Top Signal Significance ;
Cross Section Expected Observed l‘ tb
DG 23t arXiv.0903.0850 my,=170 GeV
3.94 £ 0.88 pb 450 ;
D> ['th| = 1.0710.12]
2.3 fgg pb
— B ['th| = 0.9110.13]
= observation with 5.00!
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Single Top Quark Observation

1 year ago

—




Tevatron Single Top Cross Section

Single Top Quark Cross Section December 2009

D@ e/u+jets 237 3.94 2988 b

i
l
|
DO c+jets 48f || | 34 *22 pb
Preliminary, not in combination , '
CDF c/u+jets 327" |  HeH 2.17 *522 pb
|
: 4 ' +2.6
CDF # +jets 21f" ® | 50 53 pb
|
T +0.58
Tevatron Combination | 2.76 _5 47 Pb

Preliminary |

Bl B.W. Harris et al., PRD 66, 054024 (2002)
B N. Kidonakis, PRD 74, 114012 (2006)
I

Myop = 170 GeV

L1 B
0O 2 4 o6 8

o (pp — tb+X, tgb+X) [pb]

['th| = 0.8810.07]

—> good agreement with SM in all channels
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Cross Sections at the Tevatron

I

E Total inelastic
L 2
.E 10
E -4 -mb i
- 10 bb 1-107
& -6
~10° b ub
W
I'U'B 6,000
600
ﬂm—nb A
|
tt 2
£ i ’
10 Epb — single top !
IGM +
Higgs (ZH + WH) : oD
B new physics?

109000 @0 160 180 200
Higgs mass (GeV)/c
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The Unknown beyond the SM

> many good reasons to believe there is as yet unknown
physics beyond the SM

- dark matter+energy, matter/anti-matter asymmetry, neutrino
masses/mixing and many more

*» many possible new particles/theories: ;
- supersymmetry C’M
- extra dimensions (G) = q - l i
- new gauge groups (Z', W', G', ...) i’l% 1 N‘N“g .
- new fermions (t', b', e*, ...) X° %‘i 7>
- leptoquarks g

. ¢
GNWvbf;
. q

» new physics can show up... Y ~w<

- as subtle deviations in precision measurements LQ 1

- in direct searches for new particles b

HW
“Z
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Supersymmetry (SUSY)

Standard particles SUSY particles

harginos

Quasrks @ veoons @ rorce particies Squarks ' Sleptons &' Susy
Force particles

> SM particles have SUSY partners: differ by %2 unit in spin
- sfermions (squark, selectron, smuon, ...): spin 0
- gauginos (chargino, neutralino, gluino, ...): spin 1/2

> no SUSY particles found as yet

- SUSY must be broken: breaking mechanism determines phenomenology
(e.g. mSUGRA, where neutralino is lightest SUSY particle)
- more than 100 parameters even in “minimal” models

08/20/2010 Tevatron Results, Part | - Christian Schwanenberger - HCPSS 2010, Fermilab 58




What's nice about SUSY?

60 -

> introduces a symmetry between 50 -
bosons and fermions

1/a,
without SUSY

40 -

> unification of forces possible h ke
- SUSY changes running of couplings

20

> dark matter candidate exists:
- the lightest neutral gaugino l/a,

- consistent with cosmology data e e e e
0 10° 10" 10"

interaction energy (GeV)

- with SUSY

10 F

> no fine-tuning required
- radiative corrections to Higgs acquire SUSY
corrections t

- cancellation of fermion and sfermion loops H Q H
> also consistent with precision :
measurements of M, and M, i
op / \
H E‘&‘ j'f H
________ L —
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Squarks and Gluinos

» strong interaction
- large production cross

section
00 ‘g P B 3B (s = 20-TeV)
e @ Missing Transverse top pair 2 - N —
: 2 Energy — T 51 N
T o~ @ | Jets
~ O 103
- i T ] B
Missing Transverse
E 106
nergy

» squark and gluino production
- signature: jets and [_

(M, +M,)/2 | (GeV)

08/20/2010 Tevatron Results, Part | - Christian Schwanenberger - HCPSS 2010, Fermilab 60




Squark and Gluino Mass Scenarios

jet

consider 3 cases:
1. m(@)<m(q)

jet

4 jets + Er miss

- R 3 jets + E miss
T

jet

3. m(@)>m(q)

jet
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A nice Candidate Event!

jet
, T—
jet

Squark Candidate: #p=381 GeV
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A nice Candidate Event!

jet jet
i o %d v
Jet jet jet

Squark Candidate: #p=381 GeV

—t
A

o _IIII| T T IIIIII| T T IIIIII| T T IIIIIII T T IIIIII|

(b) D@, L=2.1 fb"
* Data
[ SM Background

[ Fitted QCD

Events / 20 GeV
)

10
1 3
50 100 150 200 250 300 350 400 450 500

E, (GeV)
— but there is no clear signal...
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SUSY Breaking Mechanism: mSUGRA

Ma > 308 GeV
at 95% C.L.

O (o2}
o O
o O

=
o
o

UA1
UA2
DO |
CDF 1B

W
o
(=)

DG IB

Squark Mass (GeV)
N
o
(=)

100

DG, L=2.1 fb™
tanp=3, A =0, u<0

NN\
no mSUGRA
solution

A

7

Y AVAVAVAVA

LEP

N

\k\

00 100 200 300 400 500 600

Gluino Mass (GeV)

Ma > 379 GeV

at 95% C.L.
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Trilepton Events: Another Look for SUSY

Leptom -

Py 24 GeVict
Lepian e+ e y=is :
=17 Gt
M LA _— Leplon ¢
1= L&l e e p,. =58 GeVich
’-; i 1.,\ = -IL&T
_"- ' m | i -- |
e ., i o )
) i, |I _-" 5
|'r| . E—.:;.f" = M |Z'-.IE:'L'—-_'F"E:|:-"| |
I 1 e (1L}

Ik
1id

—
I.I'_ H

> search for SUSY partners of W, Z, y and Higgs bosons
- decaying via leptons

* signal:
- 3 leptons and missing ET

° very promising avenue to observe SUSY events
- jets are abundant at hadron colliders, leptons are rare...

08/20/2010 Tevatron Results, Part | - Christian Schwanenberger - HCPSS 2010, Fermilab 65




Trilepton Data

CDF Run |l Preliminary,JLdt =2.01fb"

3
e Search for xg;&
o Cut —— Data
2 | %
g 10 | Drell-Yan
e o B pibosons
[ Fake lepton
— Signal
10™
10?2
B

| I|I I|III
0 20 40 60 80 100 120 140 160 180 200
Missing E; (GeV)

> ~11 SUSY events expected for investigated mSUGRA scenario
> 7 events observed which is consistent with 6.6 expected in SM
— exclude chargino masses up to 145 GeV at 95% C.L.
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Conclusions

> very powerful tests of QCD
- jet cross sections agree with NLO QCD over 9 orders of magnitude
- strong coupling measured with 4% precision

> top quark physics
- high precision measurements, many channels analysed
- mass known with 0.6% uncertainties
- other properties such as spin accessible for first time

» single top observation + direct measurement of V

> searches for new physics: no hint yet but more
data and better analysis techniques to come...

> all the results on the web:

CDF: http://Iwww-cdf.fnal.gov/physics/preprints/index.html
and http://www-cdf.fnal.gov/physics/physics.html

DO: http://www-d0O.fnal.gov/d0_publications/
and http://www-d0.fnal.gov/Run2Physics/WWW/results.htm
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http://www-cdf.fnal.gov/physics/preprints/index.html
http://www-cdf.fnal.gov/physics/physics.html
http://www-d0.fnal.gov/d0_publications/
http://www-d0.fnal.gov/Run2Physics/WWW/results.htm

Backun
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Search for New Physics in Top Production

08/20/2010 Tevatron Results, Part | - Christian Schwanenberger - HCPSS 2010, Fermilab 69 s




Search for tt Resonances

> no resonance production in tt o Corumemmayast
system is expected in SM & B e o

> some models predict tt bound % Bl oo vt
states: e.g. leptophobic Z' with Bl oo
strong 3" generation coupling 2

600 500 1000 1200
me [GeVic?)

> search for bumps in
tt reconstructed
mass spectrum

Mz, > 820 GeV MZ, > 9?7? GeV
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t-channel vs. s-channel

+0.94
o(t-channel)= 3.14_ " pb

evidence with 4.8c

-1
Dz 23 fb 5 CDF Run Il Preliminary, L=3.2 fbo™
El 3‘ :‘"'I‘"'I‘"'I‘"'I‘"'I‘"'I“"I"".I""IIIII
& DO@’s measurement @ o a5 | ® BestFit ’
~ 4. )

c 5 68% CL p - E ::'gf gt :
5 20% cL I g 4r % -
8 95% cL Il : 35 | | 99.7%CL :
n ) A MW SM(NLO)
@ sM' Sk 8 3f B SM(NNNLO) -
= Ztu FCNC? O ; .
2 3 g, =004g, = 25 __
2 Top flavor? =
= mo=1Tev * s 2f :

C 2 Top pion? Q :
-:‘.’ i m, = 250 GeV . = 15 E
T V] =0.2° & 1F E
11— 5 .
B T N. Kidonakis, PRD 74, 114012 (2006) 05 [ ]

B 27, Tait and C.-P. Yuan, PRD 63, 014018 (2001) or
B 3 J. Alwall et al, EPJ C49, 791 (2007) i ]

0 R N R S S A SIS RN IR SRR R N SR 0 —

0 1 2 3 4 5 0O 05 1 15 2 2 3 35 4 4. 5
s-channel cross section [pb] s-Channel Cross Section c_ [pb]

=—>» good agreement with SM prediction
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Conclusions

Highlights of top quark physics:

> top pair production

6% precision, many channels analyses, differential cross
section, all good agreement with NLO QCD predictions

- single top observation + direct measurement of V

> precision measurements (see next talk)
top mass with 0.75% uncertainty

> top properties (see next talk)
new analyses possible such as spin correlation

> searches for new physics in top sector
general agreement with SM

> excellent prospects for top physics at the LHC
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Flavor Changing Neutral Currents

t g DO 2.3 fb™
S 0.4f (a)
g ¢ []68% C.L.
tgu ? thc 0.3) B 90% C.L.
_ o Blo5% C.L.
q uc 0.2
o ((a) - D@ 2.3fb" i
S FCNC tgc 0.1
@200 — FCNC tgu i
= W Wijets T
2 -SM tb+tgb % 01 02 03 o043
= Hl Gy [PD]
%100 } - ultijets p ~
> K., //\ < 0.013 TeV!
K, / A < 0.057 TeV!

0 0.2 04 0.6 0.8

1
Ranked FCNC BNN Output & J
at 95% C L.

08/20/2010 Tevatron Results, Part | - Christian Schwanenberger - HCPSS 2010, Fermilab 73




Top Quark Analyses at the Tevatron

analyses with up to 5 fb™' of data:
several thousand top candidate events per experiment

ir pr ] .
I- v

q

' anomalous couplings

rare decays
\f branching ratios
CKM-Matrix-Element |V, |

‘b\\W' new particles
)

spin correlations
charge asymmetry
A

FB

mass, charge,
width, lifetime

production cross-section

.“*--.
production kinematics q'
production through resonances b

new particles qr searches
. . for new
ingl r ion observation by CDF and D@! particles
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Dilepton Signatures

background
g v
]+ 300 times higher rate
q g b
; v < :
ee, ey, MY W l _ Z + jEtS Z

0l

> |ess statistics
> |less background

— electron+muon event with b-tagging
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Top Pair Production Cross Section

topological information % b-tagging

0 - P [] Z bekg: 42.1
q:, 80~ Eg ?[:‘$Ilmlnary Il Dibosons: 11.9 Candidries CDF II Preliminary 5.1 fb”
> i l [] Fake bekg: 14.9f - KS Test:0.088 —e- DATA
,,,d_’ i I 1 I B t : 265.0 120 % Test 10052 (Entries : 137)
o 60— : Data: 331 B v Syst. Uncert.
) - 1001~ , . [ i (o =74pb)
Q b B :2/5/1/ 4 Eop [ Diboson
:E, - a 80 e [ ]DY+HF
> 40- 2 ! B DY + LF

i 9 BD:_ | B Fakes

- - anf- .7

20_ B
- 201 | o
100 200 300 400 500 Number of jets
H; (GeV)
o= 8.23 £ 0.52 (stat) + 0.83 (syst) o _= 7.25 + 0.66 (stat) = 0.47 (syst)
+ 0.61 (luminosity) pb + 0.44 (luminosity) pb

m_ =172.5 GeV +139% ™. = 1725 Gev +13%

achieving good precision (~340 events)
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linesdievatreon at FERMILLAB pE; Golllisiieons

Main InjectoF
_ & Recycler

[ —

IS OARRS . .-
Vs =1.96 TeV s
At = 396 ns |

Run 11987 (92)-95:125 pb! < u— t?gp%kkda?geg\?éy
Runll 2001-11:~100x | dataset A Yy, . g

ol at mcieigiﬁrenaerzsf = easure properties with high precisions:
is it really the particle expected in the SM?

g i THE ROYAL
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Boosted Decision Trees

° |[DEA: recover events
that fail criteria in
cut-based analyses
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Boosted Decision Trees

° |[DEA: recover events
that fail criteria in
cut-based analyses
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Boosted Decision Trees

° |[DEA: recover events
that fail criteria in
cut-based analyses
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